Parasites have developed a variety of physiological functions necessary for existence within the specialized environment of the host. Regarding energy metabolism, which is an essential factor for survival, parasites adapt to low oxygen tension in host mammals using metabolic systems that are very different from that of the host. The majority of parasites do not use the oxygen available within the host, but employ systems other than oxidative phosphorylation for ATP synthesis. In addition, all parasites have a life cycle. In many cases, the parasite employs aerobic metabolism during their free-living stage outside the host. In such systems, parasite mitochondria play diverse roles. In particular, marked changes in the morphology and components of the mitochondria during the life cycle are very interesting elements of biological processes such as developmental control and environmental adaptation. Recent research has shown that the mitochondrial complex II plays an important role in the anaerobic energy metabolism of parasites inhabiting hosts, by acting as quinol^fumarate reductase. ß
Introduction
Parasites are generally classi¢ed as either helminths or protozoa. Helminths are multicellular parasites and consist of three types: nematodes (e.g., Ascaris suum), trematodes (e.g., Schistosoma mansoni), and cestodes (e.g., Hymenolepis diminuta). Protozoa includes unicellular parasites (e.g., malaria parasite and Entamoeba histolytica), but they di¡er from bacteria in that they have a nucleus, mitochondria, vacuole and other organelles (e.g., hydrogenosomes). These parasites are able to survive and proliferate by escaping from the host defense mechanisms, and develop metabolic pathways for adaptation to the specialized environment in the host. Studies of such parasitic adaptation have provided extremely interesting biological discoveries, as well as knowledge that is potentially useful for treatment of infectious diseases.
Recent advances in biochemistry and molecular biology have provided new insights into basic biology, and brought many revolutionary discoveries concerning biological evolution and diversity. For example, studies of variable surface glycoprotein have led to the discoveries of RNA editing and GPI anchoring in trypanosomes and trans-splicing of mRNA in nematodes as well as trypanosomes [13 ] . Based on these developments, a new ¢eld called Molecular Parasitology, in which parasitism is investigated at the molecular level, is being established.
The historical connection between parasites and the research on energy metabolism described in this paper is extremely close, and cytochrome, which plays a major role in the aerobic respiration in mitochondria, was in fact discovered during research on parasites. Approximately 80 years ago, the parasitologist Keilin observed horse£y larvae with a microspectroscope, and discovered strong absorption bands of 604, 564, and 550 nm. This was, in e¡ect, the discovery of cytochrome a, b, and c, and settled the dispute over cell respiration between Warburg's theory of oxygen activation and Wieland's dehydrogenation theory, leading to the concept of oxidative phosphorylation. Keilin described the respiratory chain in ascarids, the most widely known parasites, in his book,`On Cytochrome, a Respiratory Pigment Common to Animal, Yeast, and Higher Plants', published in 1925 [4] , and details of the diversity of this respiratory chain have recently been clari¢ed at the molecular level.
In this review, we focus on recent advances in the study of parasite mitochondrial complex II, which plays such an important role in the anaerobic energy metabolism of parasites.
Complex II of parasitic helminths
Considerable research has been conducted on the energy metabolism of helminths, particularly in relation to nematodes such as A. suum and ¢laria. In this section, we discuss unique features of helminth complex II that have been extensively studied, focusing primarily on ascarid energy metabolism. Fig. 1 . PEPCK^succinate pathway. In aerobic metabolism in mammals and A. suum larva, PEP is converted to pyruvate by pyruvate kinase (PK), and is degraded to CO 2 and water via acetyl-CoA in the TCA cycle. In contrast, in adult worm, CO 2 is ¢xed by PEPCK, and OAA is produced. The NADH^FRD system, which is the anaerobic electron transport system characteristic of adult A. suum mitochondria, is involved in succinate formation, which is the ¢nal step of this pathway. Complex II in adult mitochondria functions as QFR in this system.
Life cycle of A. suum and changes in respiratory chain
A. suum is the most widely known parasite, and has been studied as a representative of human and livestock parasites [5^7] . Its large size makes it ideal for research involving biochemical analysis. Adult A. suum inhabits the small intestine of mammals, and the female produces between 200 000 and 400 000 fertilized eggs per day. Eggs are excreted with feces and become mature eggs containing infectious 3rd stage larvae (L3) in about 2^3 weeks at normal temperature (the L3 stage was previously referred to as L2, until two molts in the egg were reported by Geenen et al. [8] ). When orally ingested by a host, the eggs reach the small intestine and hatch. A hatched larva invades the intestinal wall, and migrates to the liver, lung, trachea, and pharyngeal region, and ¢-nally returns to the intestine via the esophagus and stomach, and becomes an adult worm. The oxygen concentration of the small intestine is 2.5V5%, approximately one-quarter of that outside the body, and thus provides an environment of low oxygen tension in which the energy metabolism of the adult di¡ers considerably from that of the larvae and the host. The phosphoenolpyruvate carboxykinase (PEPCK)^succinate pathway, an anaerobic glycolytic pathway, operates in the adult worm ( Fig. 1) , producing ATP under the low oxygen conditions. This system is used by many other parasites, and has also been observed in the adductor muscle of oysters and other bivalves that require energy conversion under anaerobic conditions (such as in tidal areas). It is therefore considered to be a very common pathway for energy metabolism in adaptation to an anaerobic environment [9, 10] .
The ¢rst half of the PEPCK^succinate pathway is the same glycolytic pathway found in mammals, in which phosphoenolpyruvate (PEP) is produced. Aerobic metabolism in mammals involves the conversion of PEP to pyruvate with the use of pyruvate kinase, and decomposition to CO 2 and water via acetyl CoA and the TCA cycle. In contrast, the A. suum adult ¢xes CO 2 with PEPCK to produce oxaloacetate (OAA). The OAA is converted to malate by the reverse reaction of malate dehydrogenase and transported into the mitochondria to produce pyruvate and fumarate. The NADH formed during production of pyruvate from malate is used in the reduction of fumarate to succinate. The NADHf umarate reductase (FRD) system, which is the anaerobic electron transport system characteristic of adult A. suum mitochondria, is involved in succinate formation, which is the ¢nal step of this pathway. This process is described in detail below.
Cytochrome c oxidase (complex IV), a terminal oxidase, is not detected in the respiratory chain of adult A. suum mitochondria, and the content of ubiquinol^cytochrome c reductase complex (complex III) is extremely low [11] . In contrast, in A. suum larvae, which require oxygen for their development, the energy metabolism is aerobic. A biochemical investigation of mitochondria isolated from aerobically cultivated larvae showed the composition of the respiratory system to be almost the same as that of mammals, as shown in Fig. 2 [12] .
Quinones, which are low molecular weight electron carriers that transfer electrons between respiratory complexes, also markedly change during development. Larvae employ aerobic metabolism, and the ubiquinone therefore functions in the same manner as in mammals. However, in the case of the adult, the major quinone is the low-potential quinone, rhodoquinone, which plays an important role as the pri- mary component of the NADH^FRD system (Fig.  3) [12, 13] . Thus, A. suum is able to adapt to changes in oxygen concentration in the environment during its life cycle by dynamic change of respiratory chain. Recent research has clari¢ed the characteristics of A. suum, in particular those of the mitochondrial electron transport system of the adult, at the molecular level.
NADH^FRD system and complex II
As described in the previous section, the ¢nal step of the PEPCK^succinate pathway, which plays such an important role in the anaerobic energy metabolism of the A. suum adult, is catalyzed by the NADH^FRD system. The reducing equivalent of NADH is transferred to the low-potential rhodoquinone by NADH^ubiquinone reductase complex (complex I), and ¢nally succinate is produced by FRD activity of complex II. This system can synthesize ATP using the coupling site of complex I even in the absence of oxygen, although its energy e¤ciency is low.
A similar anaerobic respiration system exists in the mitochondria of many other parasites, and has also been found in bacteria. Studies of bacteria, including Escherichia coli, have clari¢ed the details of this system [14, 15] . In E. coli, there are two types of complex II, and quinol^fumarate reductase (QFR) encoded by the frd operon is induced under anaerobic conditions. The reducing equivalent of NADH and glycerol is transferred to menaquinone (Fig. 3) , a lowpotential naphthoquinone, and is ¢nally passed to fumarate by QFR. In contrast, under aerobic conditions, succinate^ubiquinone reductase (SQR) encoded by sdh operon that catalyzes oxidation of succinate is induced [16] . SQR is a dehydrogenase in the respiratory system as well as an enzyme in the TCA cycle, and directly connects these systems in aerobic energy metabolism.
Thus, two di¡erent enzymes (complex II) are present in E. coli, and the bacteria maintain homeostasis of the energy metabolism by controlling synthesis of these enzymes in response to the environmental oxygen supply. These ¢ndings may have implications for eukaryotic parasites. There is a long-standing controversy concerning the enzyme that catalyzes reduction of fumarate in A. suum mitochondria: one is that reverse reaction of SQR occurs in larval mitochondria; the other is that QFR in adult mitochondria di¡ers from SQR in larval mitochondria in a manner similar to the di¡erence between E. coli QFR and SQR [17] .
Complex II is an enzyme complex that catalyzes the oxidation and reduction of succinate and fumarate, and that is localized in the cytoplasmic membrane in bacteria and in the mitochondrial inner membrane in eukaryotes [18, 19] . The subunit structure is highly conserved among species, and is basically composed of four polypeptides (Fig. 4) . The largest £avoprotein (Fp) subunit, with an approximate molecular weight of 70 kDa, contains FAD as a prosthetic group, and the relatively hydrophilic catalytic portion is formed by this subunit, and an approximately 30-kDa iron^sulfur protein (Ip) subunit containing three di¡erent types of iron^sulfur clusters.
This catalytic portion catalyzes electron transfer from succinate to water-soluble electron acceptors such as phenazine methosulfate in SQR (succinate dehydrogenase (SDH)). In contrast, in QFR, it catalyzes electron transfer from water-soluble reduced methylviologen to fumarate (FRD). Two small hydrophobic subunits of approximately 15 and 13 kDa are required for the localization of this catalytic portion in the membrane. Since many complex IIs contain heme b, these subunits are called cytochrome b large and small subunits (CybL and CybS). This hydrophobic cytochrome b is also necessary for electron transfer between complex II and the hydrophobic components of the electron transport system present in the membrane, such as ubiquinone and rhodoquinone. Overall, cytochrome b is localized in the membrane as a membrane anchor, and the catalytic portion protrudes into the matrix side in mitochondria and into the cytoplasm in bacteria. This structure has recently been con¢rmed in bacterial QFRs by crystal structure analysis [14, 15] .
A. suum complex II has been puri¢ed from muscle mitochondria of adult worms as SQR [20] . However, no direct evidence for the presence of two distinct enzymes, SQR and QFR, in the mitochondria of the same organism was obtained, although adult complex II showed high FRD activity [21] . To clarify this point, complex II was isolated from larval and adult mitochondria under the same conditions, and biochemical and antigenic properties were compared [22] . When larval and adult mitochondria were isolated and solubilized with sucrose monolaurate and separated using DEAE-cellulo¢ne column chroma- tography, complex IIs were eluted at di¡erent salt concentrations. As with the mammalian complex II, the larval complex II showed only SDH activity, whereas the adult showed both SDH activity and a high FRD activity (Table 1 ). In addition, the complex isolated from larvae had a higher a¤nity for succinate than the adult complex in SDH assay, and the complex isolated from the adult had a higher a¤nity for fumarate than the larval complex in the FRD assay.
When the peptide map and antibody reactivity were compared for each subunit, Fp and CybS in complex II were found to di¡er between larvae and adult. Thus, A. suum mitochondria possess two types of complex II, SQR and QFR, and A. suum deal with environmental changes in the life cycle by producing SQR as larvae (which use aerobic energy metabolism) and producing QFR as adults (which inhabit in the small intestine under low oxygen tension). This is the ¢rst demonstration of the presence of isoforms of complex II in mitochondria, that has not been found in mammals, and this ¢nding is a very interesting example of the diversity of complex II.
Characteristics of the A. suum adult complex II
What characteristics of the subunits and primary structure of adult complex II are responsible for its high QFR activity? To answer this question, cDNA of each complex II subunit was cloned from A. suum larvae and adults, the free-living nematode Caenorhabditis elegans (which uses aerobic energy metabolism) [7,23^25] , and humans (a mammalian host) [26^28].
Fp subunit
Fp, which contains the binding site for the substrates succinate and fumarate, is highly conserved from bacteria to humans [23] . The region around His-49 (near the N-terminal), to which the prosthetic group FAD is covalently bound, and the region that interacts with the AMP domain of FAD are particularly well conserved (Fig. 5) . Also, Arg-290 corresponds to Arg-301 of Wolinella succinogenes QFR [15] , which has been proposed as the proton donor for fumarate reduction, and other related amino acid residues (His-246, His-357 and Arg-402) are all conserved. This indicates that the molecular mechanism of the succinate and fumarate conversion process in mitochondria is identical to that of bacteria.
The point we wish to emphasize is that the primary structure of adult complex II is closer to that of SQR than to E. coli QFR, despite its high QFR activity. There were no sequences common to Fp of E. coli QFR and adult A. suum Fp, and this lack of common sequences was observed not only for Fp but also other subunits in adults, such as Ip [24, 25] .
We have recently succeeded in cloning cDNA of the larval Fp. Although the highest degree of homology between larvae and adults is observed in the Fp subunit, the amino acid sequence of larval Fp is much closer to those of free-living C. elegans than to adult Fp, as shown in Fig. 6 . The Northern blot analysis showed that only larval Fp mRNA (SDHA) was expressed in the larvae, indicating that stagespeci¢c expression of adult Fp gene (FRDA) is controlled at the transcription level (Fig. 7) . 
Ip subunit
The Ip subunit contains three di¡erent iron^sulfur clusters (2Fe^2S, 4Fe^4S, 3Fe^4S), and the regions contributing to this binding have amino acid sequences containing high numbers of cysteine (as in ferredoxin). These cysteine residues are completely conserved in the A. suum Ip [24] . However, electron paramagnetic resonance analysis showed that the 3Fe^4S cluster in the adult QFR is only partially reduced by succinate [29] . In comparison to the 3Fe^4S cluster in mammalian SQR (+60 to +120 mV), which is completely reduced by succinate, low oxidation-reduction potential is a common feature of bacterial QFR (320 to 370 mV). As with bacterial QFR, the low-potential 3Fe^4S cluster of A. suum Ip may facilitate electron transfer from the low-potential rhodoquinone (363 mV) to fumarate (+30 mV).
Recently, Amino et al. have found that the QFR of the parasitic adult and the SQR of free-living larvae share a common Ip subunit, although their complex IIs clearly show di¡erent enzymatic properties [24] . This is very di¡erent from the bacterial case, in which all subunits of SQR and QFR are enzymespeci¢c. Two Ip genes have been reported in the sheep nematode Haemonchus contortus [30] . These two genes are di¡erentially expressed during development, and the properties of the two enzymes they contribute to have yet to be de¢ned.
Anchor subunits
The presence of a two-subunit cytochrome b, composed of one CybL (also referred to as QPs-1, complex II-3 or SDHC) and one CybS (also referred to as QPs-3, complex II-4 or SDHD), which acts as membrane anchor, is a general feature of mitochondrial complex II [19] . The cytochrome b 558 of A. suum adult QFR is composed of two polypeptides with molecular masses of 17.2 and 12.5 kDa, and is separated from Fp and Ip by a gel permeation chromatography in the presence of Sarkosyl [13] . In contrast to the Fp and Ip subunits, the primary structure of which is conserved, the cytochrome b exhibits species-speci¢c characteristics. For example, polyclonal antibodies against A. suum adult CybS do not react with CybS of other parasitic nematodes such as ¢-larial worms (Saruta et al., unpublished observation). However, while the primary structure di¡ers considerably between species, the functionally important amino acid residues and orientation within the membrane are conserved, as predicted from the adult QFR CybL (FRDC) and CybS (FRDD) cDNA sequences [7, 25] .
Both subunits of the cytochrome b anchor possess three trans-membrane segments, and are thus highly hydrophobic. Biochemical and molecular genetic studies of E. coli SQR revealed that the heme b bridges the CybL and CybS subunits via two histidine residues [31, 32] . Cytochrome b in A. suum complex II plays an important role in interaction with the quinones, because it passes electrons to ubiquinone in larvae and receives electrons from rhodoquinone in adults. Recent analyses of larvae SQR have shown that, as is the case with Ip, CybL of larvae is identical to that of adults, and that CybS (SDHD) is a subunit unique to larvae (Amino and Osanai, manuscript in preparation).
While there is no direct evidence that adult QFR cytochrome b (cytochrome b 558 ) participates in the electron transfer from rhodoquinol to fumarate in the complex, it is rapidly reduced by succinate [20] . Using oxidation-reduction titration, it was found that the red-ox potential of cytochrome b 558 was 334 mV, higher than the 3185 mV of bovine cytochrome b 560 [33] . This property facilitates electron transfer from the low-potential rhodoquinol.
In addition to its role in electron transfer, the cytochrome b in complex II is important in the assembly of the subunits. A recent study of E. coli SQR using a heme synthesis mutant has shown that heme b is essential to the assembly of complex II [34] . The fact that two histidine residues in A. suum QFR (His-100 in CybL and His-72 in CybS) that are thought to coordinate heme b are conserved suggests that the assembly mechanism of A. suum QFR may be the same as that of E. coli SQR (see Fig. 8 ).
Parasitic adaptation and evolution of mitochondrial QFR
Many parasites, notably A. suum, employ the NADH^FRD system for anaerobic energy metabolism within the host. The mitochondrial complex II plays an important role, acting as QFR within this system. As shown previously, despite their high level of QFR activity, all four adult A. suum subunits have greater homology with bacterial and mitochondrial SQR than they do with bacterial QFR. One possible interpretation of these ¢ndings is as follows (see Fig. 9 ). Complex II is considered to have arisen from soluble FRD of early anaerobic bacteria that appeared when almost no oxygen was present on the earth [35] . Because this enzyme has low oxidation-reduction potential (3220 mV) for non-covalent FAD, succinate could not be oxidized, and only fumarate reduction was catalyzed. In fact, E. coli QFR is not able to oxidize succinate when the histidine residue that binds FAD is replaced with other amino acids [36] . The oxidation-reduction potential of FAD then increased (380 mV) due to the covalent bond with Fp of FRD [37] , and the bacterial complex II (which was anchored to the membrane) then appeared and functioned as QFR under anaerobic conditions. Ultimately, SQR activity developed as the membrane-bound enzyme of the aerobic energy metabolism system, and the mitochondrial complex II, which links the TCA cycle directly to the respiratory chain, was formed [19, 35] . The primary structure of the A. suum adult QFR indicates that it is derived from the SQR of free-living nematodes such as C. elegans rather than the QFR of anaerobic bacteria [7,23^25] . The fact that the primary structure of the aerobic A. suum larvae Fp resembles that of C. elegans rather than that of the A. suum adult strongly supports this hypothesis (Figs. 5 and 6).
As previously described, recent research has shown that the Ip of A. suum larvae is identical to that of the adult [24] . This is in contrast to the relationship between bacterial SQR and bacterial QFR, in which all the relevant subunits di¡er. Furthermore, our biochemical analysis showed that at least the Fp and CybS of larval complex II di¡er from those of the adult enzyme [22] . Considering the biological signi¢-cance of the common subunit(s) in the stage-speci¢c isoforms, it may be advantageous to adapt to environmental change simply and quickly. Evolutionary changes in the minimal subunit(s) during the transition from the free-living state to parasitic life^e.g., the stage-speci¢c substrate binding site of Fp (succinate or fumarate) and the stage-speci¢c quinone binding sites of CybS (ubiquinone or rhodoquinol) may favor the establishment of parasitism in these worms.
The role of rhodoquinone in anaerobic respiration
Rhodoquinone is a low-potential benzoquinone in which one methoxy group has been replaced by an amino group (Fig. 3) . It plays an important role in the NADH^FRD system in the adult mitochondria. In addition to the evolution of complex II itself, the changes in the quinones that pass electrons directly to the complex are of considerable interest.
When anaerobic bacterial FRD became membrane-bound, the reducing equivalent was transferred by menaquinone (380 mV, Fig. 3 ), which is a naphthoquinone with a low oxidation-reduction potential that is found in the anaerobic respiratory chain of present-day E. coli. As it evolved into aerobic SQR, ubiquinone (+110 mV), a high-potential benzoquinone, was added. Then, QFR, which uses a lowpotential benzoquinone called rhodoquinone (363 Fig. 9 . Evolution of mitochondrial QFR. Mitochondrial QFR in adult A. suum was not directly derived from anaerobic bacterial QFR, and it may be derived from SQR of a free-living nematode such as C. elegans. Rhodoquinone may be an evolutionally new quinone, like A. suum QFR, which has an SQR-type primary structure. mV), found in the present-day adult A. suum, as the electron donor, may have appeared [38] . Therefore, rhodoquinone may be an evolutionally new quinone, like A. suum QFR, which has an SQR-type primary structure. Some bacteria are known to have a combination of rhodoquinone and QFR. For example, the QFR gene of Rhodoferax fermentans also encodes for an amino acid sequence similar to the SQR amino acid sequence, but no regions or sequences common to A. suum QFR have been found (Miyadera et al., BAA31213 in DDBJ). Based on these results, it appears that SQR-type QFR of a variety of organisms has evolved independently from SQR. The study of these enzymes can help to elucidate the general mechanisms of enzyme evolution and molecular aspects of enzyme adaptation that generate functional diversity.
The indispensability of low-potential rhodoquinone in electron transfer from complex I to QFR within the NADH^FRD system has been clari¢ed using reconstituted systems [13] . In addition, synthesis of rhodoquinone derivatives with short isoprene chains has facilitated enzymatic analysis of these complexes and rhodoquinone. We used decyl-rhodoquinone when we discovered nafuredin, which competitively and speci¢cally inhibits the rhodoquinone binding site of A. suum complex I [39] . Rhodoquinone derivatives are currently being used for enzymatic analysis of A. suum adult QFR.
While rhodoquinone plays an important physiological role, as described above, there is little information available about its biosynthetic pathway. Some reports indicate that it is synthesized from the same precursor as ubiquinone [40^42], but the step at which the amino residue is added is unclear. Recent study has shown that the demethoxy ubiquinone (DMQ) precursor is accumulated in place of ubiquinone in the clk-1 long-lived mutant strain of the free-living nematode C. elegans [43] . The amount of rhodoquinone found in this mutant strain is higher than that in wild strain [44] , indicating that the biosynthetic pathway branches somewhere prior to DMQ.
A. suum larvae, which employ aerobic metabolism, have the same ubiquinone as mammals, but the primary quinone of A. suum adults is rhodoquinone [12] . Thus, rhodoquinone holds the key to changes in energy metabolism within the life cycle, and understanding the mechanism by which its synthesis is controlled is an important goal for future research into this organism's environmental adaptation.
Complex II of malaria parasite
Parasitic protozoa, which reproduce by division, induce acute symptoms due to their rapid rate of reproduction, and therefore cause severe clinical features. This section focuses on the current state of research on complex II of the malaria parasite, which is associated with mortality that has been estimated at more than two million deaths per year.
Mitochondria of parasitic protozoa
The mitochondria of parasitic protozoa that have been most studied are those of Trypanosoma brucei, which are the causative agents of African trypanosomiasis in human and nagana in cattle. As is well known, research involving this parasite has resulted in important discoveries such as GPI anchoring, editing of transcripts of mitochondrial DNA, and splicing of the 5P-terminal leader sequence of mRNA [1^3]. T. brucei brucei inhabits the bloodstream of the host mammal, ATP synthesis being handled primarily by the glycolytic pathway within the glycosome [45] . The role of the electron transfer in the single mitochondrion is re-oxidation of NADH produced in the glycosome. This is associated with operation of the glycerol-3-phosphate oxidase system comprising glycerol-3-phosphate dehydrogenase, ubiquinone, and cyanide-insensitive terminal oxidase, and is not associated with the mammalian-type respiratory chain [46] . This glycerol-3-phosphate oxidase system is essential to the survival of T. brucei brucei, and the terminal oxidase inhibitor ascofuranone has a dramatic e¡ect on this parasite [47] . On the other hand, cristae develop in T. brucei brucei within the Tsetse £y vector, and these contain components of the mammalian-type respiratory chain, including complex II and cytochromes, although more study is required to understand the physiological function of complex II in the parasite metabolism [48] .
Thus, parasitic protozoa living within a mammalian host do not generally use oxygen, and instead synthesize ATP via the glycolytic pathway. In comparison to research on helminths, research on mitochondrial electron transfer of protozoa during the developmental stage within the host is lacking. However, as described below, mitochondria have become a focus of chemotherapy, and research, particularly on mitochondria of the malaria parasite, is currently progressing.
Mitochondria of the malaria parasite
Malaria is one of the most serious infectious diseases in the developing world as a re-emerging disease [49] . The presence of mitochondria in the malaria parasite was veri¢ed using the cationic £uorescent dye rhodamine 123 and microscopic observation [50] . Like trypanosomes, each parasite in a red blood cell contains a single sausage-shaped mitochondrion [51] . The mitochondrion is always in close proximity to the apicoplast, another organelle, and a physiological interaction may exist between the two. Phylogenetic analysis of the tufA gene in the 35-kb genome of Plasmodium falciparum apicoplast shows relationships with the genomes of cyanobacteria and plastids, as evidenced by consistent clustering with green algal plastids [52] . These observations indicate that the Apicomplexa, including Plasmodium, acquired a plastid by secondary endosymbiosis, probably from a green alga.
Energy metabolism of malaria parasite within red blood cells was previously thought to consist primarily of ATP production through the glycolytic pathway, and the physiological signi¢cance of the mitochondria was unclear. However, recent studies have shown the presence of a functional respiratory chain in Plasmodium mitochondria, although their levels of electron transport activity appear to be much lower than those of their mammalian counterparts. Mammalian mitochondrial DNA normally encodes 13 proteins, two ribosomal RNAs, and 22 tRNAs necessary for oxidative phosphorylation, and has approximately 16 000 base pairs in its genome. Plasmodium mitochondrial DNA is considerably shorter, at 6000 base pairs, and encodes only cytochrome b of complex III, subunits I and III of the cytochrome c oxidase, and fragmented ribosomal RNA [53] . Other subunits normally encoded in mammalian mitochondria are thought to be encoded in the nuclear DNA of the malaria parasite, but this has not been con¢rmed.
In contrast to erythrocytic stage cells, approximately six mitochondria per cell have been observed in sexually di¡erentiated gametocytes, with more in female gametocytes than in male gametocytes [54] . Structure and variation of number of mitochondria during the life cycle, including sporozoite, is a matter of great interest in terms of physiological signi¢-cance.
The respiratory chain of Plasmodium in the erythrocytic stage
Fry et al. used a tight-¢tting Te£on pestle and glass homogenizer to break cells of Plasmodium, and obtained the mitochondrial fraction using 22% (v/v) Percoll [55] . An electron transfer from NADH, K-glycerophosphate and succinate to cytochrome c was observed in the mitochondrial fraction. Because this activity was reduced by fumarate, it was hypothesized that FRD plays a role in this process. As with mammals, cytochrome aa 3 , c, b, and c+c 1 were detected in the red-ox di¡erence spectrum, and the speci¢c content of these cytochromes was high, at 30^50% of the level found in bovine heart muscle mitochondria. Krungkrai et al. modi¢ed Fry's method to isolate the Plasmodium mitochondria, and were able to isolate the active complex II, IV and dihydroorotate dehydrogenase (DHOD) [56^58] .
However, as pointed out by Vaidya [59] , the yield and quality of mitochondria from malaria parasites are quite variable. For example, succinate oxidase activity of the mitochondria isolated from rodent malaria by Fry et al. was 150 nmol/min/mg [55] , but that of the mitochondria isolated by Krungkrai et al. was 1.45 nmol/min/mg [54] . Thus, alternative methods for studying mitochondrial physiology are urgently needed.
Recently, using N 2 cavitation, we have established a protocol to prepare the active mitochondria from P. falciparum showing higher SDH activity than previously reported, and a dihydroorotate-dependent respiration [60] . DHOD is involved in the fourth step in the synthesis of pyrimidine, in which reducing equivalent is transferred to ubiquinone. Addition of fumarate partially inhibited dihydroorotate-dependent respiration. These results, together with pre-vious observations, indicate that the electron transfer pathway in mitochondria of malaria parasites in red blood cells is as shown in Fig. 10 .
As described above, the erythrocytic stage cells of Plasmodium lack a number of enzymes in the TCA cycle, and ATP production is dependent upon the glycolytic pathway. The question therefore arises as to the physiological function of the respiratory chain under such conditions. One important function may be the formation of membrane potential [61] . The majority of mitochondrial protein is encoded in the nucleus and transported to the mitochondria following synthesis in the cytoplasm. Details of the mechanism of mitochondrial targeting have been extensively studied, and results have shown that the respiratory chain is involved in the formation of the membrane potential required for passage of these proteins through the mitochondrial membrane [62] .
3.4. P. falciparum complex II P. falciparum complex II has been puri¢ed by Saraveratum et al. [56] . Their ¢nal preparation was obtained without the use of detergent, and contained Fig. 10 . Possible electron transfer chain in mitochondria of erythrocytic stage P. falciparum. Reducing equivalent from dihydroorotate is transferred to oxygen via classical respiratory pathway and to fumarate via QFR activity of complex II [60] . Fig. 11 . Unique primary structure of P. falciparum Fp. P. falciparum-speci¢c insertion near the second AMP-binding domain and C-terminal unicellular organism-speci¢c deletion in the amino acid sequence of Fp [63] .
only Fp and Ip with molecular masses of 55 and 35 kDa, respectively. This result indicates that associations between the subunits in P. falciparum complex II are weak, and that the catalytic portion composed of Fp and Ip is separated from the anchor during puri¢cation. Catalytic e¤ciency of the Plasmodium SDH for succinate and ubiquinone were found to be relatively low (k cat /K m = 600 and 5000, respectively), and many properties were found to be di¡er-ent from those of the mammalian host's enzyme. For example, 2-thenoyltri£uoroacetone, a known inhibitor of mammalian SDH, had no inhibitory e¡ect on the Plasmodium enzyme at a concentration of 50 WM.
To study the unique properties of Plasmodium SDH, we have cloned and characterized the genes for Fp (SDHA) and Ip (SDHB) [63] . This is the ¢rst report of the primary structure of protozoan SDH. Each of the two genes contains a single open reading frame, and the genes are located on di¡erent chromosomes. SDHA is a sequence of 1860 nucleotides on chromosome 10, and SDHB consists of 963 nucleotides on chromosome 12. The expression of these genes in asynchronous erythrocytic-stage cells was con¢rmed by observations of 3.3-kb and 2.4-kb transcripts from the SDHA and SDHB genes, respectively. The SDHA and SDHB genes encode proteins of 620 (Fp) and 321 (Ip) amino acids, with molecular masses of 69.2 and 37.8 kDa, respectively. A mitochondrial pre-sequence essential for the import of mitochondrial proteins encoded by nuclear DNA, along with almost all of the conserved amino acids indispensable for substrate binding and the catalytic reaction, were found in these peptides, indicating the functional importance of this enzyme in the parasite. Interestingly, a P. falciparum-speci¢c insertion and a unicellular organism-speci¢c deletion were found in the amino acid sequence of Fp, as shown in Fig. 11 . Despite the fact that Fp and Ip are generally wellconserved subunits, the structure of both subunits in the malaria parasite clearly di¡ers considerably from that of the host.
As described in Section 3.3, mitochondrial dihydroorotate-dependent respiration is reduced to less than 70% of its normal level by the addition of fumarate, indicating that the P. falciparum complex II functions as QFR (Fig. 10) . The fact that anti-sense DNA for Ip inhibits the growth of malaria parasite clearly indicates that complex II is an enzyme essential for its survival in the erythrocyte (Wataya, personal communication).
The parasite respiratory chain as a target for chemotherapy
The di¡erences between parasite and host mitochondria described in this paper hold great promise as targets for chemotherapy. For example, the antimalarial drug Atovaquone, which recently developed, acts on the mitochondrial respiratory chain [61] . Atovaquone is e¡ective against chloroquine-resistant strains, and is already being used for treatment in Africa and Thailand, where malaria is endemic [64] . The speci¢c target is thought to be complex III, and biochemical analysis has shown that it acts on the ubiquinone oxidation site in the cytochrome b of complex III [65] .
As shown in Fig. 10 , ubiquinone plays an important role in the respiratory chain of Plasmodium mitochondria, and is the point of intersection between the two essential metabolic pathways, pyrimidine biosynthesis and energy metabolism. Targeting the point of intersection between these systems allows simultaneous blocking of two important metabolic systems. Many anti-malarial agents contain a quinone ring within their structure, and the enzyme group involved with ubiquinone in transfer of electrons is considered to be a promising target [66] . Complex II is an enzyme essential for survival of the malaria parasite, and it is a promising target for future anti-malarial agents. In fact, a quinone analogue, 5-hydroxy-2-methyl-1,4-naphthoquinone (plumbagin) inhibits in vitro growth of P. falciparum as well as SDH activity of puri¢ed enzyme [56] .
Such a chemotherapeutic approach is also applicable to the nematodes. It has been proposed that the FRD system is the target of such drugs as bithionol and thiabendazole [67, 68] , but there is no clear biochemical or pharmaceutical evidence to support this idea. This lack of evidence is due to the fact that details of this pathway have not been clari¢ed at the protein level. However, as described in the previous section, progress in the study of the NADHF RD pathway permits screening of new anthelmintic compound. Nafuredin competitively inhibits the rhodoquinone binding sites of nematode complex I [39] .
If an agent that can speci¢cally inhibit the nematode QFR is found, it is expected to prove extremely effective as an anthelmintic. Work is currently underway on crystallization of A. suum adult QFR for the structure-based drug design.
Perspective
As described above, parasites have exploited a variety of energy-transducing systems in their adaptation to the peculiar habitats in their hosts. Dynamic rearrangement of their respiratory chain during their life cycle is one of the key elements of this adaptation. However, the control mechanism responsible for stage-speci¢c expression of the genes of parasites remains unclear, because research on parasites at the molecular level has only recently begun. Current research using the free-living nematode C. elegans has revealed that oxygen concentration, oxygen availability, and oxidative stress can induce a variety of interesting phenotypes, including di¡erent life spans, and that the respiratory chain participates in this mechanism. A single mutation in CybL of complex II at residue 71, converting glycine to glutamic acid, results in hypersensitivity to oxidative stress in the C. elegans mev-1 strain [69] . On the other hand, in the long-lived mutant clk-1, ubiquinone biosynthesis is dramatically altered in which mitochondria do not possess detectable levels of ubiquinone-9 and instead contain the ubiquinone biosynthesis intermediate DMQ [43, 44] . These results indicate that the respiratory chain plays an important role in responses to changes in the amount of oxygen in the environment (oxygen homeostasis). In this connection, recent reports indicating that complex II functions as an oxygen sensor are of great interest [70] .
Mammalian cells are able to sense decreased oxygen availability and activate response systems, including transcriptional activation of several genes controlled via hypoxia-inducible factor-1 [71] . Although no information on such a molecular mechanism of gene expression has been available for parasites, A. suum shows a very clear transition of metabolic systems between larvae and adults, and it is thus a very promising research model. In addition, di¡erences in energy metabolism between hosts and parasites are attractive therapeutic targets. Basic research on parasitic adaptation promises to yield clinical applications and scienti¢c discoveries following to Keilin's discovery of cytochrome.
